Most of the Mediterranean coastal porous aquifers are intensively exploited. Because of climatic and anthropogenic effects, understanding the physical and geological controls on groundwater distribution and flow dynamics in such aquifers is crucial. This study presents the results of a structural investigation of a system located along the coastline of the Gulf of Lions (NW Mediterranean). A key aspect of this study relies on an onshore-offshore integrated approach combining outcrops, seismic profiles, and borehole data analysis. This multidisciplinary approach provides constraints on pore-fluid salinity distribution and stratigraphic organization, which are crucial in assessing the modes of groundwater/seawater exchanges. Onshore, Lower Pliocene deposits dip gently seaward. They are unconformably overlain by Holocene clays in the lagoons. Offshore the Pliocene deposits either outcrop at the seabed or are buried below nonconsolidated sands infilling paleo-valleys. Beneath the lido, the groundwater salinity distribution consists of salty pore water, overlying fresher pore water. Active circulation of groundwater masses is inferred from the geophysical results. In particular, offshore outcrops and paleo-valleys may play an important role in salt water intrusion.
Introduction
Coastal aquifer structure and dynamics have been studied for many decades for groundwater resources, primarily with the aim to assess fresh groundwater reserves in seawater intrusion, has received by far the greatest attention in hydro-geological studies (Bear et al. 1999) . However, salinity distribution relies strongly on the interaction between groundwater fluid dynamics and a geological environment (commonly complex and anisotropic). The spatial distribution at several scales of porosity, hydraulic conductivity, and other hydraulic parameters in the subsurface are thus of major importance, and are strongly related to geological context and depositional processes involved at geological time scales. Limited work has been done to understand the effect of geologic heterogeneity on the exchange of groundwater and seawater through coastal sediments, particularly offshore. In addition, beside modeling and geochemical studies performed near submarine seeps or from borehole samples, there is little published about offshore aquifers. Geophysical investigations, generally carried out using seismic methods, allow the identification of subsurface geometries or active vent features (Kindinger et al. 1999; Swarzenski et al. 2001; Mulligan et al. 2007 ). Other techniques, such as electrical tomography (Andersen et al. 2007 ) and airborne or seafloor electromagnetics have proven valuable for evaluating offshore pore water salinities or distributions (Hoefel and Evans 2001; Teatini et al. 2011) . Studies using these techniques are rare and seldom combined with onshore studies (Evans and Lizarralde 2011; Teatini et al. 2011) . Defining an accurate aquifer structure and heterogeneity both onshore and offshore therefore remains of primary importance for providing coherent conceptual geological models which can lead to better predictions of preferential flow pathways (Bowling et al. 2005; Cohen et al. 2010) .
Most of the Mediterranean coastal porous aquifers are located in the Plio-Quaternary (PQ) deposits (Clauzon 1973; Duvail et al. 2005; Boughriba et al. 2006; Aunay 2007; El Yaouti et al. 2009; Kouzana et al. 2010) . These aquifers are "coastal detritic formations," following the Custodio (2010) classification for European aquifers. Understanding groundwater distribution and flows in such aquifers is of prime importance since in many Mediterranean coastal areas, agriculture, drinking water supply, tourism, and industry strongly depend on the available groundwater resources. Understanding physical and geological controls on groundwater distribution and flow dynamics is thus critical and essential in order to anticipate salt water intrusion and to design adequate warning systems and water management tools. In such a context, this study focuses on a Mediterranean PQ porous system, set apart from the axis of the main coastal plains. We provide a careful integration, at several scales, of various geological, hydrological, and geophysical datasets to present a coherent image of subsurface aquifer structure, along an onshore-offshore cross section. Present-day hydrological processes are a significant contribution to the observed distribution of groundwater resources, and this emphasizes the importance of the offshore structure of the geological skeleton in which water circulates.
Geological Context
The study area is located along the coast of the Gulf of Lions' passive margin, in the NW Mediterranean basin (Figure 1 ). On this margin, the history of the coastal porous aquifers is closely related to the Messinian Salinity Crisis event (MSC; Hsü et al. 1973) which occurred approximately 5.5 Ma ago and exposed the Miocene margin to subaerial erosion . This created deep valleys upstream (Clauzon 1973) and huge accommodation space for subsequent PQ sedimentation (Lofi et al. 2003; Duvail et al. 2005) .
The PQ sediments supplied from the Rhône and adjacent coastal rivers successively caused the progradation of well-developed sedimentary wedges, building a new continental shelf (Figure 1c) . The current location of the onshore PQ depocenters is beneath the modern flat coastal plains (see RCP, HCP, and RhCP in Figure 1a ). They contain fresh groundwater resources enclosed in porous siliciclastic aquifers (Laurent 1993; Ambert et al. 1998; Dörfliger 2003; Duvail et al. 2005; Aunay et al. 2006; Aunay 2007) . These aquifers are associated with the coarse-grained fraction of the PQ wedges.
In this context, our study focuses on the Maguelone area located on the northernmost part of the margin, between the Hérault and the Rhône coastal plains (Figure 1b) . The northern limit of the area is the Mesozoic limestone of the La Gardiole hill (∼200 m high; Figure 2a and 2b). As shown in Figure 2b , outcrops located at the foot of the La Gardiole hill (gray) consist either of Holocene (green) or Pliocene (Upl, yellow) formations. The latter also outcrop beneath the city of Villeneuvelès-Maguelone (VMc) and along the northern edge of the Vic lagoon. Within the study area, the lagoons have been partially filled with Late-Holocene deposits with low hydraulic conductivity (mainly clays and silts; Sabatier et al. 2010) and have a water depth <2 m. They are limited southward by a barrier island (Maguelone lido) on which an experimental site has been located ( Figure 2c , see also "Data and Methods" Section). The Lez and Mosson rivers flow eastward of the study area (Figure 2a and 2b).
Data and Methods
Studying the subsurface structure of the study area at several scales enables aquifer heterogeneity to be assessed. Information on regional lithology and geometry is provided by geological mapping (BRGM 1996) . Previous field works around VMc enabled interpretation of sedimentary facies alongside dip measurements of outcropping strata (BRGM 1996; Raynal et al. 2010) . In this study, subsurface structure beneath the Maguelone lido has been characterized from nine boreholes (12 to 80 m deep) drilled in the framework of the ALIANCE, MUSTANG, and ATIP PROGELAC projects (location in Figure 2c ). A series of downhole geophysical logs were acquired. ASGR 512 (Spectral Natural Gamma probe, ANTARES) conducted in cased boreholes, provides a measurement of the total gamma ray emissions (TGR) of the formation adjacent to the borehole, allowing the identification of the main sedimentary units (Serra 1984) . Contents of individual elements that emit gamma rays (U, Th, and K) are also differentiated. DIL45 (Dual Induction probe, ALT) conducted in PVC cased boreholes provides information about the electrical conductivity of the formation, which is essentially driven by lithology, formation porosity and permeability, saturation, and interstitial fluid salinity (Archie 1942; Biella et al. 1983) .
Borehole MAG5, located in the experimental site (Figure 2c ), has been equipped with a Westbay 6 multilevel groundwater characterization and monitoring system allowing the surveying of multiple zones in a single borehole (Black et al. 1986 ). The deployed system contains eight measurement ports to enable pressure measurements as well as fluid sampling at formation pressure. Three packers were inflated at 13, 14, and 17 m below sea level (mbsl), which isolated a pumping zone located at 15 mbsl. Below, packers were not deployed as isolation was expected to result from squeeze of the soft sediment around the Westbay casing. Groundwater samples were collected in June 2011 for geochemical analysis (total dissolved solid content, TDS). Analyses were performed at the CIRAD (Montpellier, France), together with a sample collected from borehole MAG1 (59 m deep, PVC cased with perforations below 55 mbsl) in February 2011.
Sedimentological analysis performed on cores taken from borehole MAG1 includes facies description, radiocarbon dating, and grain size analysis using a Beckman Coulter© LS 13 320. Only the <1 mm fraction was analyzed. In levels displaying a significant number of large clasts (e.g., horizons C and S; see "Maguelone Lido" Section), the grain size distribution is thus not representative of the whole material. Sedimentary facies from cores have been correlated with downhole logs in order to accurately reposition cores in depth. 6 Mark of Schlumberger.
Offshore, close to the coast and in the Vic lagoon, high and very high resolution seismic profiles acquired in the framework of the BEACHMED-E project image the upper part of the PQ sequence (Raynal et al. 2009) , with a penetration ranging from 10 to 100 m below the seafloor. The main seismic units and boundaries observed on these profiles have been labeled according to the works by Raynal et al. (2009 Raynal et al. ( , 2010 : "Upl" for the Pliocene sequence; "RES" for the "Regional Erosion Surface" generated during the last glacial-maximum (LGM) (during which the sea level was approximately 120 m below present-day sea level) and subsequent transgression.
LIDAR bathymetric/altimetric survey was acquired along the coast in 2007 (BEACHMED-E program). The mean spatial resolution of these surveys is about 3 to 4 points per meter square. A subset of these points was extracted and interpolated to create a digital elevation model of the area offshore from the Maguelone lido.
Results

Subsurface Sedimentary Structure
The structure of the subsurface deposits is discussed hereafter along an onshore-offshore transect.
Villeneuve-lès-Maguelone City (VMc)
The Pliocene unit (Upl) outcrops around VMc and forms a small high in the topography culminating at 21 m above sea level (masl; Figure 2a meter thick sandy or gravelly horizons). Upl pinches out northward on the La Gardiole hill and outcrops southward on the northern edge of the Vic lagoon. There, it consists of white lacustrine limestones, dipping at low angle toward the SE.
Vic Lagoon
As imaged on seismic profiles (Figure 3 ), Upl extends beneath the Vic lagoon, appearing as a relatively transparent seismic unit containing sub-continuous lowfrequency seismic reflections dipping SE-wards. Upl is bounded above by the RES, which truncates the underlying Upl reflections (e.g., Figure 3a , eastern part of the profile). Upl is buried below lagoonal Holocene deposits (Sabatier et al. 2008) , evidenced by continuous high-frequency sub-horizontal reflections, onlapping the RES. An angular unconformity is thus clearly observed between the Holocene and Upl (Figure 3 ). The latter is gently dipping toward the SE at an angle < 1
• , consistent with dips measured in outcrops along the northern edge of the lagoon. In terms of hydrological properties, the lagoonal siltyclays are expected to have a relatively low hydraulic conductivity (< 10 −7 m/s) and are likely to act as a confining unit, bounding the Upl unit.
Maguelone Lido
Beneath the lido, core analysis from borehole MAG1 allows the recognition of two main depositional units (Figure 4 ) consisting of Holocene deposits discordantly overlying Upl.
The Holocene unit extends from the surface down to approximately 9 mbsl and consists of approximately 5 m of gray shelly sands overlying approximately 4 m of green lagoonal silty-clays. Radiocarbon dating confirms the age of this sequence (two samples giving ages <6000 years cal. B.P., see Figure 4a and Raynal et al. 2009 ). The lagoonal clays are underlain by a coarsegrained level containing shell fragments and interpreted as the RES. This level is associated with a small shift in the TGR (Figure 4c ). Such a shift is also observed in the surrounding boreholes ( Figure 5 ), thus allowing the base of the Holocene sequence to be traced in this area.
The Upl unit extends from 8 mbsl to the bottom of the borehole (59 mbsl). It consists predominantly of relatively fine-grained sediments (mean clay content: 28% and mean silt content: 57%; Figure 4b ). These deposits are mainly of continental origin with evidence of overprinted soil-forming processes ranging from light gray to reddishbrownish oxidized horizons. Dark organic rich levels with plant remains are observed in several places (e.g., ∼16, 22.5, 32.5, 57.5 mbsl), often correlating with peaks on the U -curve (Figure 4c ). Gray horizons with marine shell fragments are found locally (∼36, 56, and ∼57 mbsl). Between 9.2 and 12.2 m, a carbonate rich level with algal cysts is interpreted as an equivalent facies to the lacustrine deposits that outcrop approximately 3.5 km landward (along the northern edge of the Vic lagoon, Figure 2b ).
As shown in Figure 4a and 4b, the clayey fraction is relatively high throughout the Upl. However, two remarkable coarse-grained horizons are found between approximately 37 and 40 mbsl (non-consolidated marine/estuarine sands "S") and approximately 14 to 16 mbsl (mostly nonconsolidated fluvial gravels and sands "G"). These horizons are characterized by low values on the TGR log ( Figure 4c ). Comparing the shapes of the TGR curves allows horizon G to be laterally correlated across boreholes, and indicates this level covers broad spatial extent at the scale of the lido ( Figure 5 ). The other horizons forming Upl in MAG1 (in particular the U rich horizons) can also be correlated laterally with very good confidence to the surrounding boreholes (e.g., to MAG4, Figure 5 ). Such lateral correlation is less obvious with boreholes located further away (e.g., MAG3). By comparing several boreholes, the difference in depths of a given Upl horizon allows the general geometry of Upl beneath the lido to be determined with precision. Along section CD (Figure 5 ), perpendicular to the coastline, the depositional units are thus dipping toward the sea at a very low angle. Along the MAG3-MAG1 section, conglomerate C is dipping at an angle of less than 0.3
• toward the East. Upl strata are thus gently dipping toward the SE at angles < 1
• , which is consistent with the dips calculated from the seismic profiles acquired in the Vic Lagoon (Figure 3 ). From the hydrological properties of Upl, the finegrained levels are inferred to have a low hydraulic conductivity (<10 −7 m/s). A much higher hydraulic conductivity (∼ 10 −3 m/s) is expected in the coarsegrained, non-consolidated horizons of Upl (e.g., G, S, or S3, Figure 5 ), thus allowing groundwater circulation. In the Roussillon basin, continental deposits of equivalent age have variable hydraulic conductivities, ranging from 5 x 10 −3 to 10 −7 m/s according to their lithologies (Aunay 2007) . Thus, groundwater fluxes in the finegrained levels, although low, cannot be neglected.
Maguelone Cathedral
The Maguelone cathedral (Figure 2c ) has been built on a topographic high culminating at 12 masl and onto which the modern sandy lido is attached. The Upl age of the deposits forming the hill is suggested by the recognition of horizon G on the TGR log acquired in borehole MAG3 (from ∼7 to ∼9 mbsl), drilled in the center of the hill (Figure 5 ). Upl deposits have also been described from outcrops, on the edge of the hill (Ambert 2003) . In addition, the presence of tephra layers (0.5 masl to 2 mbsl) dated from 4.2 to 3.8 Ma by the same authors, allows the age of Upl over the study area to be refined to the Lower Pliocene.
Offshore
Previous studies based on very high-resolution seismic profile and shallow cores describe the organization of the main depositional units offshore (Raynal et al. 2009 . On a seismic profile acquired approximately 2 km offshore and running perpendicular to the lido, Upl consists of low-to-high frequency slightly divergent reflections that dip gently seaward at a mean angle of approximately 0.5
• (Figure 6a ). These dips are consistent with the ones measured beneath the lido, in the Vic lagoon and in outcrops. On strike profile, Upl reflections are relatively continuous, almost sub-horizontal with large wavelength undulations (Figure 6b ). Locally, seismic units with disorganized internal reflections and erosional bases are observed at the top of Upl. Raynal et al. (2009) interpreted these as patches of Pleistocene deposits. Upl (and Pleistocene above) is eroded at the top by the RES, as is clear on the seismic from the underlying truncated Upl reflections (Figure 6 ). On strike profiles, the RES displays topographic lows corresponding to paleofluvial valleys, now in-filled with transgressive Holocene sands (unit U2 in Raynal et al. 2009 ). In the interfluves, close to the lido, Holocene deposits did not accumulate above the RES (Figure 6b ). Upl is thus outcropping on the sea floor. These outcrops correspond to the Maguelone submarine plateau, consisting of continental, lacustrine, or marine Pliocene formations, locally overlain by continental conglomeratic Pleistocene series (Alabouvette et al. 2003 ). This plateau is clearly visible on the Lidar bathymetric map and is characterized by a rough surface (Figure 7) . Another submarine Upl outcrop is visible to the southeast (Aresquiers plateau). The smooth zones separating these plateaus correspond to the transgressive sands that infill the LGM paleo-valleys (Figure 7) . In term of hydrological properties, these coarse-grained and nonconsolidated transgressive sands are expected to have a high hydraulic conductivity (Custodio 2010 
Hydrogeological Units Beneath the Lido
Borehole Data
Downhole electrical conductivity measurements can help to qualitatively characterize the salinity of pore water (Archie 1942) because the conductivity of a sedimentary formation strongly depends on both electrical rock properties and electrolyte concentration (pore water conductivity). In this study, the formation conductivity logs acquired in borehole MAG1 (CILD and CILM, Figure 4d ) show some high frequency variations that are interpreted to correlate with lithological variations. For example, the low conductivity at approximately 14.5 mbsl correlates with a 20-cm thick cemented horizon (observed on cores). Alternatively, this low could be related to the presence of gas, accumulated at the top of the reservoir G. The conductivity peak observed below, around 16 mbsl, correlates with black clays at the bottom of horizon G (Figure 4a and 4d) . Beneath 32 m, the high frequency cyclic like variations in conductivity clearly correlate with the TGR curve, thus suggesting that the electrical signal is driven by the lithology (Figure 4c and 4d) .
The interpretation of the formation conductivity logs also allows the determination of two distinct hydrological units that saturate the geological skeleton (Krantz et al. 2004 ). Here, we clearly distinguish (Figure 4d ): • a brackish to salty water unit, extending approximately from 1 to 32 mbsl, characterized by formation conductivities roughly >300 mmho (i.e., >300 mS/m).
• a fresh to brackish water unit, extending from approximately 34 mbsl to the bottom of the borehole, characterized by formation conductivities <300 mmho.
It is worth noting that the TZ separating the two hydrological units and extending from approximately 32 to 34 mbsl (Figures 4d and 5) , correlates on cores with a approximately 1-m thick interval consisting of black and gray clays, which probably acts as a low hydraulic conductivity barrier. The above hydrological configuration is also observed in the neighboring boreholes MAG5 (Figure 4 ) and MAG4 ( Figure 5 ). In borehole MAG3 (drilled ∼1 km away from MAG1), the formation conductivity is <50 mmho below 33 mbsl, also suggesting the presence of fresh water at depth (Figure 5) . At the present time, water is pumped from a coarse-grained horizon located around 80 mbsl (horizon S3) and used for watering plants, supporting our interpretation. The above observations from borehole conductivity data thus suggest that the subsurface environment is saturated with an upper salty hydrological unit, overlying a notably fresher unit extending at least at a kilometer scale beneath the lido. The above interpretation on the vertical distribution of pore water salinities is confirmed by geochemical analysis performed on water samples (see section below).
Pore Water Conductivities and Salinities
A series of geochemical analysis has been performed on borehole and/or pore water sampled from MAG1 and MAG5. MAG1 is currently cased with PVC down to 55 m, with screened PVC below. The borehole is artesian (water table at 0.80 m above ground level). Geochemical analysis on borehole water sampled in February 2011 indicates fresh water, with a TDS concentration of 0.44 g/L (Figure 4e ). In MAG5, geochemical analysis was performed on seven pore water samples taken in June 2011 using the Westbay System. TDS concentrations clearly indicate the presence of low salinity water deeper than 35 mbsl (TDS <3 g/L) and salty water above (Figure 4h ). In the coarse-grained horizon G, the concentration reaches up to 34.08 g/L, which is close to the measured seawater concentration in the area (35.56 g/L).
Discussion
The above observations allow a synthetic hydrogeological cross-section along an onshore-offshore transect to be established (Figure 8 ). Over the study area, the subsurface structure is relatively simple. It is composed of a set of Lower Pliocene strata (Upl unit), of variable hydraulic conductivity, that dip gently seaward. The RES, locally covered by discordant Holocene deposits that consist of sands or lagoonal clays, incises Upl. The vertical groundwater salinity distribution beneath the lido consists of brackish to salty pore water overlying fresher pore water (Figures 4 and 5) . Present-day hydrological processes should be considered in order to account for the observed present-day groundwater distribution, interpreted as a layered system containing two distinct hydrogeologic units.
Upper Salty Hydrogeologic Unit
We suggest that beneath the lido, boreholes penetrated an upper confined hydrogeologic unit that extends from the clay interval located at approximately 32 mbsl in MAG1 (we infer that this acts as a low hydraulic conductivity barrier) to the base of the Holocene clays (Figure 4) . These Holocene clays, extending northward in the lagoons, probably act as a confining unit due to their low hydraulic conductivity. Offshore, these clays are replaced by non-consolidated Holocene sands thus likely to result in the hydrogeologic unit in this part of the study area being unconfined. At the present-time, the MZ (Figure 8 ) between fresh and salty groundwater penetrating the upper hydrogeologic unit is expected to be located landward of the lido. The geometrical organization and lithologies of both Upl and the Holocene deposits are considered in relation to the origin of the salty water. (Figures 6b  and 7 ). In the second possibility, the connection is indirect, occurring via the clean sands overlying the RES (Figure 8 , pathways 4 and 5).
Lower Fresh Confined Hydrogeologic Unit
We suggest that boreholes drilled on the lido penetrated a lower confined hydrogeologic unit containing fresh water flowing seaward. At the present-time, the MZ (Figure 8 ) between seawater and fresh groundwater is expected to be located seaward of the lido, at an unknown distance from the coastline. Two recharge pathways are likely to occur onshore to account for the origin of the low salinity pore water recovered below 34 mbsl in MAG1 and MAG5 (Figure 4) . The first one invokes a direct recharge by meteoritic water infiltrating onland through Upl outcrops. Because Upl strata are dipping SEward, the area of VMc, is likely to constitute the main recharge area (Figure 8, Pathway 1) . A second possible pathway involves an indirect recharge thanks to a lateral connection with karstic aquifers developed in the La Gardiole limestones (Figure 8, Pathway 2) . A borehole drilled at the foot of the hill, northward of VMc, passed through a series of caves located at 88 mbsl (Public Subsurface Bank of the BRGM). The Upl strata are geometrically pinching out on the limestones, and thus the lateral contribution of karstic flows in recharging the Upl aquifer cannot be excluded. Whatever the pathway considered, we suggest that the fresh pore water below the lido is gravity driven, and that seaward flows occurs at least in the levels of Upl showing the highest hydraulic conductivities (e.g., S in Figure 4 and S3 in Figure 5 ). This interpretation is confirmed by drilling operations from the observation of flowing artesian conditions in MAG1 at a depth of approximately 40 mbsl that roughly correlate with the depth at which horizon S is observed (Figure 4) .
The degree of confinement of the lower hydrogeologic unit can be discussed as follows. As TDS decreases continually with depth (Figure 4) , the lower aquifer could be interpreted as a weakly confined aquifer where upwelling flows through the formation could generate a thick MZ. However, the clear step observed around 33 mbsl (TZ) in the formation conductivity logs (Figure 4) , the hydraulic head at 0.80 masl and the artesian conditions observed during the drilling phase rather suggest a well-confined system. Leakage across the confining beds however is not excluded. In the future, pumping tests and time series of salinity and pressure chronics should help refining the hydrological characteristics of this lower hydrogeologic unit.
Possible Role of Paleo-Valleys in Subsurface Flows
The relatively simple subsurface structure of the study area allows assessment of the possible impact of the offshore LGM paleo-valleys in groundwater/seawater exchanges ( Figure 8 , Pathway 5). Previous studies pointed out that paleo-incisions infilled with permeable sediment can act as preferred pathways for both vertical and horizontal groundwater flows, and should thus be considered as sites of increased vulnerability to salt water intrusion (Foyle et al. 2002; Barlow 2003; Mulligan et al. 2007; Green 2009 ). In particular, simulation modeling indicates that when such structures breach a confining unit, they enhance fluid exchanges, with fluid outflow from the aquifer to the sea occurring primarily along the channel flanks, and inflow from the sea occurring along the channel axis (Mulligan et al. 2007) . In this study, beneath the lido, the transition between the upper and lower hydrogeologic units fits with the presence of a clayey layer possibly separating the two aquifers (Figures 4 and 8) . Some of the confinement may also come from the finer grains levels observed below unit G. If such a confining unit is breached offshore by the RES, it may result in a connection between the lower fresh water compartment and the sea, enhancing fluid exchange across the seafloor (Mulligan et al. 2007) . Beneath the lido, this barrier currently lies at a depth of approximately 32 mbsl. Assuming that this clayey layer has a broad extension and is dipping seaward with an angle of approximately 0.5
• , as measured from the seismic profiles (Figure 6a ), this confining unit would be lying at approximately 48 mbsl offshore, at approximately 2 km from the coastline. This is deeper than the depth of the NGWA.org J. Lofi et al. GROUND WATERpaleo-valley thalwegs (40 mbsl) observed in this area on the seismic profile shown in Figure 6a . This suggests that this barrier has not been breached by river incision during the LGM, and that the lower fresh water hydrogeologic unit may be well separated now from the upper salty hydrogeologic unit. Vertical diffusion in this layer is not excluded and will be strongly dependent on its hydraulic conductivity. The same calculation is applied to the permeable horizon G (top depth ∼14 mbsl beneath the lido). Assuming a dip of 0.5
• seaward, this horizon should be recovered approximately 2 km offshore at a depth of approximately 30 mbsl. As evident from Figure 6b , it can conceivably have been incised in the paleo-valleys. Horizon G forms a high hydraulic conductivity layer compared to the sediments just above and or below. Thus, if breached, it may favor salt water intrusion, providing a good hydraulic connection to the sea. This could explain the origin of the high salinities measured in horizon G, with values close to seawater concentrations ( Figure 4h ). The biggest difficulty in aquifer modeling is in knowing what structure to put into the model, since the aquifer is essentially invisible from the surface. This is even more true in the offshore domain where subsurface data are not easily accessible. In this study, the onshoreoffshore approach appears critical, with the geological heterogeneity very evident, reinforcing the inaccuracy of simply extrapolating onshore observations to the offshore domain. Especially, determining the distribution and depth of paleo-channels infilled with transgressive deposits seems critical to the assessment of possible groundwater/seawater exchanges in deep confined coastal porous aquifers.
Moreover, integration of various datasets allowed a coherent conceptual model of subsurface aquifer in cross section to be presented in a way that could not be obtained from individual datasets. The multimethod approach also allows assessment of scale problem and aquifer heterogeneity. This approach illustrates significant new perspectives for the study and the management of coastal porous aquifers that are under increasing anthropogenic and climatic pressures, especially in the Mediterranean basin.
Conclusion
As summarized by Kooi and Groen (2001) , the geometry of the interface/TZ between fresh and salty groundwater in coastal areas varies according to the subsurface conditions. The Maguelone area is characterized by a relatively simple geological context that consists of Pliocene sub-parallel strata dipping seawards at low angle, overlain discordantly by Holocene deposits. This area has been spared from multiple cut and fill events related to successive Pleistocene eustatic cycles. For the above reasons, this site provides a natural laboratory to study porous coastal reservoirs. The combined use of seismic profiles, outcrops and borehole data provides significant information to stress the spatial distribution of groundwater resources. In particular, marine geophysical data allow knowledge of the onshore geologic characteristics to be extended offshore and can thus play a key role in understanding the effects of offshore subsurface geologic heterogeneity on groundwater/seawater exchanges.
This study shows that beneath the lido, the subsurface can be simplified as a two-layered aquifer, with an upper salty hydrogeologic unit overlying a fresher unit. Several parameters and processes may interact at varying spatial and temporal scales to account for these observations. We suggest that as a result of an onshore recharge, gravity driven fresh groundwater extends at depth beneath the lido. We infer that it is overlain by salty groundwater resulting from seawater intrusion in coarse-grained strata. We link this intrusion to the presence offshore of submarine outcrops and paleo-valleys infilled with nonconsolidated sands. These paleo-valleys locally incise Upl over a few tens of meters (e.g., ∼40 mbsl at 2 km from the coastline). These could thus provide an indirect hydraulic connection with the sea at great depth within the sedimentary column, particularly if subsurface confining units are breached. The presence of paleo-valleys offshore is widely known, but previous research relating to their impact on groundwater/seawater exchanges is limited. The proposed conceptual model can be used to test other Mediterranean porous coastal aquifers that are set in Pliocene series, apart from the main coastal plains, and in which the subsurface structure is expected to be relatively similar.
Further studies should focus on testing the proposed conceptual model and on its inclusion in a groundwater model in order to examine the specific flow processes that are active in this environment. In particular, time series of salinity and pressure in the various layers and pumping tests will allow characterization of the hydrological parameters of the system.
